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Abstract
Proteins and traces of polysaccharide are the only polymeric colloids consistently transported in the xylem sap of
plants. The hypothesis that such proteins could have physical inhibitory effects on xylem water transport was
investigated. Ovalbumin, with a molecular weight of 45 kDa and a molecular diameter of 5.4 nm, is an inert, water-
soluble protein that is midway along the size range of endogenous xylem sap proteins. Solutions of ovalbumin
conjugated to a ﬂuorescent marker and supplied to transpiring shoot explants of tobacco (Nicotiana tabacum L.)
and olive (Olea europaea L.) were shown by confocal laser scanning microscopy to accumulate speciﬁcally at wall-
based pit membranes that connect neighbouring xylem conduits. In addition, pressure-induced perfusion of micro-
ﬁltered ovalbumin solutions, at concentrations similar to those of endogenous xylem sap proteins, through the
xylem of tobacco stem or olive twig segments resulted in the retention of c. 40% of the ovalbumin and reductions in
the axial hydraulic conductance of the xylem. Smaller molecules such as Texas Red 3000 (MW 3 kDa) and Alexaﬂuor
488–cadaverin conjugates (MW 0.64 kDa) did not show similar characteristics. The partial reduction in xylem
hydraulic conductance appeared to be related to the accumulation of ovalbumin at xylem pit membranes and the
consequent fouling of trans-membrane water-conducting pores with smaller diameters than those of the ovalbumin
molecules. Potential implications of these novel ﬁndings for whole-plant water relations are considered.
Key words: Alexaﬂuor 488, CLS microscopy, membrane-fouling, ovalbumin, pit-membranes, plant water, pores, sap protein,
xylem conductance.
Introduction
In higher terrestrial plants, transpirational water-loss
through open stomata in the leaves accompanies CO2
uptake for photosynthesis. Continuous replacement of the
water lost by transpiration with soil-derived water is
essential for plant function and survival. Under optimal
conditions, replacement water is rapidly transported under
tension from the soil–root continuum to the transpiring
leaves, via the xylem system. However, numerous environ-
mental stress factors, both biotic and abiotic, are known to
cause decreases in the axial hydraulic conductance of the
xylem and thus, adversely to affect plant functioning (see
reviews by McDowell et al., 2008; Brodribb, 2009). This
report considers the potential effects of an internal factor,
i.e. xylem transported protein.
The xylem-system is a vascular continuum which provides
a relatively low resistance, apoplastic pathway for trans-
porting aqueous sap from the roots to the leaves. It
comprises interconnected bundles of mature xylem cells.
Several mature xylem cells, consisting of ligniﬁed second-
ary-walls and hollow lumens, can be joined together to form
ﬁnite conduits. The sap that ﬂows through the lumens in
these conduits typically contains dissolved nutrient ions,
amino acids, hormonal signals, proteins, and traces of
carbohydrate (Biles and Abeles, 1991; Davies and Zhang,
1991; Gollan et al., 1992; Satoh et al., 1992; Goodger et al.,
2005). The transport of sap between adjacent xylem
conduits occurs via numerous pits set into the ligniﬁed
secondary walls. In angiosperm plants, adjacent pits are
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material. Primary walls are based on cellulose ﬁbre matrices
interspersed with up to 800 different types of cell wall
proteins (Albenne et al., 2009). The xylem pit membranes
are traversed by tortuous pores with mean diameters at
around 5 nm, as estimated by perfusion experiments with
gold nano particles (Shane et al., 2000; Choat et al., 2003).
Pit membranes with far larger pore diameters are also
present (Jarbeau et al., 1995). The pit membranes are
thought to have lower ﬂow resistances than the thicker
secondary cell walls surrounding them and to provide the
pathway of least resistance during sap transport from one
vessel to another. Nevertheless, they may account for
around 50% of overall xylem resistance to ﬂow (see review
by Choat et al., 2008).
Proteomic investigations using gel separations and, more
recently, tandem mass spectrometry have identiﬁed a wide
range of proteins, including proteases, protease inhibitors,
lipid transfer proteins, peroxidases, and wall metabolizing
enzymes that are transported in the xylem-sap of numerous
plant species. These sap proteins can range from small
polypeptides with molecular weights less than 5 kDa to
larger proteins with molecular weights exceeding 90 kDa.
The reported total concentrations of sap protein assayed by
different methods consistently range between tens and a few
hundreds lgm l
 1 of sap (Biles and Abeles, 1991; Satoh
et al., 1992; Zhu and Zhang, 1997; Bhutz et al., 2004;
Alvarez et al., 2006; Djordjevic et al., 2007).
The origins of the apparently ubiquitous sap proteins are
unclear. They may be released during the development of
mature xylem vessels from immature, live-cell precursors.
Moreover, the sequences of most xylem sap proteins reveal
predicted N-terminal secretion signals and some may,
therefore, be secreted into the xylem from neighbouring
tissues. Sap polypeptides that are small enough to be readily
transported across cell walls and to move in or out of the
xylem, may have signalling roles (Djordjevic et al., 2007;
Neumann, 2007, and references therein). Larger proteins in
the xylem sap may have roles in cell wall metabolism and
defence against microbial invasions (Alvarez et al., 2006;
Satoh, 2006).
It has been found that nano-sized particles of inorganic
and organic colloids in the external water source can reduce
root hydraulic conductance in a time-, concentration-, and
size-dependent manner by accumulating at root cell-wall
surfaces and limiting the passage of water through
the nano-sized water-conducting pores that traverse the
polysaccharide-protein matrices of primary cell walls (Asli
and Neumann, 2009; Asli and Neumann, in preparation).
This suggested the possibility that nano-sized protein
molecules dissolved in plant xylem sap might similarly
accumulate at wall-based xylem pit-membranes and reduce
their hydraulic conductance.
The speciﬁc aims of this investigation were: (i) to use
confocal laser scanning microscopy to determine whether
ovalbumin, an inert, water-soluble protein with an interme-
diate molecular weight (45 kDa) and a calculated molecular
diameter of 5.4 nm (Baig and Salahuddin, 1978) would
accumulate at pit membranes when transported in the
xylem of herbaceous and woody angiosperms; and (ii) to
quantify any effects of ovalbumin transport through the
xylem on axial hydraulic conductance.
Materials and methods
Flow assays
Olive: Leaf free sections of olive (Olea europaea L.) twigs of c. 0.6
cm diameter from well-watered trees in the Technion ecological
garden were cut into water at dawn. In the laboratory they were
re-cut under water. Both ends were repeatedly rinsed and blotted
to remove contaminating debris. The basal end was then inserted
into the test solution in a reservoir held inside a pressure bomb.
The exposed xylem at the protruding top end was ﬁtted to scale-
marked Tygon tubing. The twig sections (2061 cm length, mean
6SE, n¼14) were then ﬂushed with a dilute salt solution (0.1 mM
CaCl2 and 0.1 mM KCl) for 30 min at 0.18 MPa. After 30 min,
when xylem embolisms had been removed and ﬂow was stable, the
perfusate was switched to the same solution containing ovalbumin.
Flow was assayed by recording the volume of perfusate entering
the scaled tubing at regular intervals.
Tobacco: Leaves and petioles on shoots of 4-week-old, well-
irrigated, tobacco plants (Nicotiana tabacum L. cv. Petit Havana)
grown in a chamber at 27  C with 16 h daylight (light irradiance of
200 lEm
 2 s
 1) in the Department of Horticulture at Florence
University were excised in the dark, and the stem–petiole junctions
sealed with Paraﬁlm. The stems were then recut under water and
repeatedly rinsed and blotted for 10 min to free debris from the cut
ends. For ﬂow assays the basal end was connected to a graduated
pipette ﬁlled with test solutions prepared with ultra-pure water
(Sartorius-Stedim arium 611VF) and in turn connected to a nitro-
gen cylinder with a pressure regulator. Pressures of 0.01 or 0.05
MPa were used to propel solutions through the stem sections
(2061 cm length, mean 6SE, n¼6). Care was taken to avoid the
accidental introduction of air into the xylem during rapid switches
between water and protein solutions.
Ovalbumin perfusion of xylem
Ovalbumin (Grade 11, Sigma) was used as a model protein
because it is relatively inert, water soluble and has a molecular
weight (45 kDa) that is midway along the range of molecular
weights of proteins found in xylem sap. In addition, ovalbumin is
available for microscope assays with an attached ﬂuorescent probe
(Alexaﬂuor 488, Molecular Probes). Ovalbumin solutions were
freshly prepared for each experiment and ﬁltered through 0.20 or
0.22 lm membrane ﬁlters before assay of ﬁnal protein concen-
trations (Bradford, 1976) and xylem perfusion. SDS 10% poly-
acrylamide gel electrophoresis (Laemmli, 1970) of the membrane
ﬁltered ovalbumin solutions revealed a single Coomassie-blue
stained band at ;45 kDa with traces of dimer at ;90 kDa.
Ovalbumin solutions at mean concentrations of 96615 lgm l
 1
(n¼6, 6SD) for use with tobacco stems, or at 70 and 35 lgm l
 1
for use with olive twigs, were perfused through the xylem for up to
60 min.
The percentage retention of protein [1003(protein in) – (protein
out)/[protein in]) by tobacco and olive segments was assayed after
5 min of perfusion. In order to evaluate the effects of molecular
size, percentage retention of solutions containing 400 lgm l
 1 of
smaller Texas Red 3000 molecules (MW 3 kDa, Molecular Probes)
was similarly estimated by emission spectroscopy, in black micro-
plates (Costar 3915, Corning Inc, USA) using a ﬂuorescence
spectrometer (Tecon Inﬁnite M2000 Mamedorf, Switzerland) with
excitation at 595 nm and ﬂuorescence emission measured at 625
nm and two dilutions.
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Xylem sap protein levels were estimated after collection of sap
(Bhutz et al., 2004; Goodger et al., 2005; Neumann, 2007). Brieﬂy,
tobacco shoots were excised 2 cm above the soil level with fresh
razors. After repeated rinsing and blotting of the remaining cut
stump, spontaneous root pressure exudates were collected for 60
min into tubing attached to the stump and analysed for protein
content. Xylem sap in year old olive seedlings kindly provided by
KKL Nurseries, Golani junction, Israel was similarly obtained
except that the water-saturated root media was enclosed in
a pressure bomb and a ;1.5 cm section of the bark was surgically
removed from the apical end prior to washing, blotting, and
connection of protruding xylem tissue to collection tubing. The
pressure (0.18 MPa)-induced exudate was collected at 10 min
intervals over 30 min into tygon tubing attached to the cut stump
which protruded from the pressure bomb and protein assayed as
above. Pooled means of the measurements are presented.
Fluorescence microscopy
Stock solutions of the ﬂuorescent dye Alexaﬂuor 488 conjugated
with ovalbumin (MW 46 kDa) were prepared according to the
manufacturer’s instructions (Molecular Probes). To facilitate sub-
sequent detection in the xylem, stock solutions were diluted to
a relatively high concentration of 400 lgm l
 1. After centrifugation
for 8 min at 1100 g, probe solutions were loaded into the xylem of
leafy transpiring explants cut from the apices of olive branches and
tobacco stems, via the cut base. Care was taken to minimize light
exposure and possible photodegradation of the ﬂuorescent dye
during the 30 min of tissue loading. After loading, the surfaces of
the basal sections of the treated stem and twig explants were rinsed
and a razor was used to cut cross-sections at 1–2 cm from the base.
The cross-sections were repeatedly rinsed in water and then imaged
by confocal laser scanning microscopy (Leica, TCS SP5) using
a 340 objective and a 363 oil immersion objective. Excitation of
Alexaﬂuor conjugates was at 488 nm and ﬂuorescence emission
was detected with a 510–530 nm spectral range. Perfusions of
water or solutions of smaller Alexaﬂuor488–cadaverin conjugates
(MW 0.64 kDa) at 400 lgm l
 1 were used for controls.
Results
The averaged concentrations of endogenous proteins mea-
sured in xylem sap exudates were 2462 lgm l
 1 for tobacco
and 102658 lgm l
 1 for olive seedlings (means 6SD, n¼4).
The values were within the range previously reported in the
literature for sap collected from other plant species. Effects
of similar concentrations of ovalbumin protein on solution
ﬂow through tobacco stems or olive twig sections were next
assayed.
The averages of initial hydraulic conductance values for
the pressurized ﬂow of protein-free solutions through to-
bacco stems and olive twig sections were, respectively,
3.061.8 cm
3 min
 1 MPa
 1 (mean 6SD, n¼6) and 0.460.1
cm
3 min
 1 MPa
 1 (mean 6SD, n¼14). Xylem perfusion with
ovalbumin protein solutions rapidly reduced conductance in
both species as compared with zero protein controls
(Fig. 1). Protein-induced ﬂow reduction was observed with
or without the additions of 1 mM each of K and Ca ions to
the perfused ovalbumin solution (in olive and tobacco,
respectively). Thus, the reduction of xylem conductance by
ovalbumin did not appear to be dependent on additional
ionic interactions with either the protein or the xylem.
Protein-induced reductions in xylem conductance could be
partly reversed by switching perfusion solutions from
ovalbumin to water ﬂowing in the same direction (e.g.
Fig 1, inset). This suggested some degree of irreversible
interaction between ovalbumin and xylem. The speciﬁc
accumulation of ﬂuorescent albumin at the xylem pit
membranes of both species (see below) supported this
conclusion, as did the fact that c. 40% of the ovalbumin in
solutions passing through both tobacco and olive sections
was retained by the segments (Table 1). Perfused solutions
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Fig. 1. Ovalbumin solution causes partial reductions in xylem ﬂow through tobacco stem and olive twig segments. Filled symbols show
ﬂow-reduction expressed as mean percentages of initial (100%) conductance, during perfusion of (A) tobacco stem sections with
membrane-ﬁltered solutions containing 96615 lgm l
 1 ovalbumin (means 6SD, n¼6), or (B) during perfusion of olive twig sections with
ﬁltered ovalbumin solutions at either 70 lgm l
 1 (ﬁlled diamonds, n¼5) or 35 lgm l
 1 (ﬁlled circles, n¼3). Open symbols in each case are
for equivalent controls without ovalbumin. Vertical bars indicate 6SE. Segments were approximately 20 cm long and initial conductances
were 3.061.8 cm
3 min
 1 MPa
 1 (mean 6SD, n¼6) for tobacco and 0.460.1 cm
3 min
 1 MPa
 1 (mean 6SD, n¼14) for olive. Inset (A)
shows the kinetics of longer-term ﬂow-reductions induced by ovalbumin in a tobacco stem and limited ﬂow-recovery following transfer
(at arrow) from ovalbumin to water ﬂowing in the same direction.
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smaller Texas Red–dextran 3000 (MW 3 kDa, 400 lgm l
 1)
in assay solutions entering and leaving tobacco stems were
very similar at 19 52561 382 and 19 14861 744 microplate
ﬂuorescence units, respectively (means 6SD, n¼4).
Transpiring, leafy tobacco shoots and olive twigs, i.e.
explants, were allowed to take up ﬂuorescent albumin
solution via their cut bases and confocal laser scanning
microscope images of freshly cut, well-rinsed cross-sections
were taken c. 2 cm from the point of probe entry at the base
of the explants. Figure 2A shows, at low magniﬁcation, the
restriction of ﬂuorescent ovalbumin accumulation (green
coloration) to some of the xylem within the darker region
occupied by the vascular bundle and the comparative
absence of accumulation in tobacco pith parenchyma cells
adjacent to the vascular bundle. Higher magniﬁcation of
vascular bundles in both species revealed the speciﬁc accumu-
lation of ﬂuorescent ovalbumin inside the xylem vessel pits
and, often, at one side of the pit membranes (Fig. 2B,C ) .
There was little or no staining of the xylem secondary walls
and no apparent protein accumulation in the xylem lumens.
Figure 2C shows the accumulation of ﬂuorescent protein in
pits connecting olive xylem cells to several neighbouring
xylem cells. Additions of Ca and K ions at 1 mM each and
pressurized perfusion of ﬂuorescent ovalbumin solutions
instead of transpirational uptake gave similar results (not
shown). No pit-speciﬁc ﬂuorescence was observable in
protein-free controls or when xylem was perfused with
solutions of a smaller Alexaﬂuor 488–cadaverin conjugate
(MW 0.64 kDa) at equivalent concentrations. It therefore
seemed that some of the pit membranes were able to delay or
prevent the passage of ovalbumin molecules between adja-
cent xylem cells and that the resultant local accumulation of
protein may have inhibited water transport.
Discussion
The results raise two important questions. (i) What are the
mechanisms involved in the reduction of xylem ﬂow by
ovalbumin solution? (ii) Can laboratory ﬁndings with a model
protein be used to predict the potential effects of endogenous
xylem sap proteins in whole plants under natural conditions?
Mechanism of ﬂow reduction by ovalbumin solution
The axial conductance of the xylem is intrinsically de-
pendent on numerous variables such as the number of
conduits, their lengths and their diameters. Clearly, the
protein perfusion experiments did not affect the number or
length of existing conduits. Similarly, perfusion of ﬂuores-
cent ovalbumin did not result in apparent restrictions of
xylem vessel diameter by wall coating or deposition of large
protein aggregates in the lumens. The bulk viscosity of the
ovalbumin solutions used was also unlikely to be the
primary cause of ﬂow reduction since the ﬂow inhibitory
effects of solution viscosity would be expected to be nearly
immediate while the onset of the observed ﬂow inhibitory
effects was gradual. Moreover, subsequent, rinsing of
protein-perfused xylem with water did not restore original
ﬂow rates, as would be expected if solution viscosity were
a key inhibitory factor. A default explanation, indicated by
the speciﬁc accumulation of Alexa 488–ovalbumin
Fig. 2. Accumulation of ﬂuorescently labelled ovalbumin at pit membranes in xylem of tobacco and olive. Leafy explants of tobacco stem
apex and olive twigs were allowed to take up solutions of Alexaﬂuor 488–ovalbumin conjugate by transpiration. Confocal laser scanning
microscopy was used to locate any sites of green ﬂuorescence accumulation in rinsed cross-sections taken 1–2 cm from the cut base of
the tobacco stems and olive twigs. Speciﬁc accumulation of the ovalbumin conjugate can be seen in the walls of tobacco xylem
vasculature adjacent to the large pith parenchyma cells (A). At higher magniﬁcation, unilateral accumulation at several pit membranes of
an individual tobacco xylem cell can be discerned (B). Similar accumulation at pit membranes is observed in the pits connecting to
several neighbouring xylem cells in an olive twig cross-section (C). Horizontal bars¼50 lm in (A) or 5 lm in (B) and (C).
Table 1. Partial protein retention during xylem perfusion
Sections (;20 cm) of tobacco stem or olive twig were perfused with
ovalbumin solutions. Concentrations in the solutions entering or
leaving the sections were assayed as in the Materials and methods.
Means 6SD, n >3, differences in rows signiﬁcant at P¼0.05 using
Student’s t test.
Ovalbumin entering Ovalbumin leaving Protein retention
(lgm l
 1)( lgm l
 1)( % )
Tobacco 101619
a 61623
b 41
Olive 57611
a 3269
b 44
1714 | Neumann et al.conjugate at xylem pit membranes (Fig. 2) is that the
physical accumulation of ovalbumin at pit membranes was
related to the reduction of ﬂow.
What caused the protein to accumulate at pit mem-
branes? In view of the inert nature of ovalbumin, selective
enzymatic binding to primary cell wall components of the
pit membranes seems unlikely. Moreover, the fact that
perfusion of the much smaller Alexa 488–cadaverin conju-
gate (MW 0.64 kDa) did not result in pit membrane
accumulation suggests that the accumulation of the ovalbu-
min conjugate was primarily related to characteristics of the
protein part of the molecule rather than the conjugated
Alexa 488 probe. In this context it is interesting that
relatively small molecules of Texas Red–Dextran 3000
(MW 3 kDa) also showed unhindered passage through the
tobacco stems while ovalbumin did not. Van Alfen and
Allard Turner (1979) showed that xylem retention and ﬂow
reduction could be induced by polymeric dextrans with
molecular weights >250 kDa while smaller molecules
passed through. As with dextrans, xylem-pit-membrane
retention of proteins is likely to be size-related.
The much researched mechanisms involved in the fouling
of synthetic nano-ﬁltration membranes and associated ﬂow
reduction provide a useful comparative source of informa-
tion. These synthetic membranes are able to remove
contaminants such as dissolved proteins or natural organic
matter from water sources. Small water molecules pass
through the nano-sized pores which traverse the membranes
but concentration, size, and time-related concentration
polarization combined with electrostatic and Van de Waals
interactions result in the physical retention of larger protein
molecules at the membrane surfaces. A physical inhibition
of membrane hydraulic conductance then occurs as the
dissolved proteins with molecular diameters exceeding those
of the membrane pores form surface cake layers (reviewed
by Goosen et al., 2004).
Similar physical fouling mechanisms can be invoked to
explain the interaction between sap proteins and xylem pit
membranes: Dissolved ovalbumin molecules, with a calcu-
lated molecular diameter of 5.4 nm (Baig and Salahuddin,
1978), or more if the hydration shell is included, would not
be expected to traverse pit membrane pores with only 5 nm
diameters. Instead they would form cake layers at pit-
membrane surfaces, as suggested by confocal microscope
images (Fig. 2B, C). The passage of water molecules
through the pit membranes would thus be hindered.
Ovalbumin molecules would, however, be expected to pass
unhindered through the pit membranes with larger pore
diameters (>20 nm) that are also found in the xylem
(Jarbeau et al., 1995; Choat et al., 2008; Jansen et al.,
2009). This may partly explain the fact that ;60% of
perfused protein passed through the xylem in tobacco and
olive segments. An additional explanation is the likelihood
of unhindered passage of protein solution through those
xylem conduits of >20 cm length that were open at both
ends, thereby effectively by-passing the need to traverse pit
membranes (Triﬁlo et al., 2007; Raimondo et al., 2009). The
important point here is that ; 40% of perfused ovalbumin
was retained by both tobacco and olive xylem. In both
cases, the ovalbumin was shown to accumulate speciﬁcally
at xylem pit membranes and, in both cases, hydraulic
conductance declined.
The potential whole plant effects of endogenous xylem
sap proteins
The ﬁnding that physical interactions between perfused
ovalbumin solutions and xylem pit membranes are associ-
ated with pit accumulation and partial reduction of axial
hydraulic conductance in excised segments of both olive and
tobacco provides support for the hypothesis that similar
interactions could occur between endogenous sap proteins
and the xylem pit membranes of intact transpiring plants.
The concentrations of ovalbumin used in the pressurized
ﬂow experiments (35–120 lgm l
 1) were within the concen-
tration ranges of total endogenous protein measured in the
xylem sap of tobacco and olive and in sap samples collected
from numerous other species by a variety of methods; i.e.
from tens to a few hundreds of lgm l
 1 (cf. Biles and
Abeles, 1991; Satoh et al., 1992; Zhu and Zhang, 1997;
Bhutz et al., 2004; Alvarez et al., 2006; Satoh, 2006;
Djordjevic et al., 2007; Neumann, 2007). However, xylem
sap contains proteins in a range of sizes. The smaller
protein molecules, with molecular diameters <5 nm may
pass unhindered through pit membrane pores with average
diameters of 5 nm and therefore have no fouling effects.
Larger proteins with molecular weights equivalent to or
greater than that of ovalbumin (45 kDa) and associated
molecular diameters equivalent to or greater than 5.4 nm
would, however, be expected to accumulate at pit mem-
brane surfaces and foul some of the pit membrane pores.
Bhutz et al. (2004) identiﬁed several proteins with molecular
weights exceeding 50 kDa in xylem sap from broccoli
(Brassica oleracea), rape (Brassica napus), pumpkin (Cucur-
bita maxima), and cucumber (Cucumis sativus). Similarly,
a comprehensive study of maize (Zea mays) xylem sap by
Alvarez et al. (2006) used 2D gel elecrophoresis and
subsequent nano ESI-MS/MS assays to identify 154 differ-
ent sap proteins. Of these 68 had experimentally determined
molecular weights greater than 45 kDa. Thus, many of the
so far identiﬁed sap proteins are potentially large enough to
block xylem pit membrane pores.
Among several caveats to be considered before extrapo-
lating our ﬁndings to whole plants under natural conditions
is the fact that axial water ﬂow through the xylem in roots
and in stems of intact plants sometimes appears to exceed
shoot water requirements under well-watered conditions
(Van Alfen and Allard-Turner, 1979; Bramley et al., 2009).
In such cases, any occurrence of a partial blockage of stem
xylem ﬂow by sap proteins need not necessarily reduce
xylem hydraulic conductance and water availability to the
leaves below the threshold levels required for optimal leaf
functioning. Albeit, other reports indicate that increases in
stem resistance can adversely inﬂuence leaf water status
in whole plants (Sperry et al., 1993; Hubbard et al., 2001).
In addition, protein-induced reductions in xylem hydraulic
Xylem protein and plant water transport | 1715conductance could also occur after passage through the
stem, at more apical bottlenecks in petioles and leaf blades
(Baum et al., 2000; Brodribb, 2009). Another caveat is that
proteomic analyses of xylem sap invariably reveal the
presence of proteases. These might act gradually to break
down proteins at pit membrane surfaces, thereby lessening
any ﬂow-inhibitory effects.
A ﬁnal consideration is that protein solutions might
aggregate into large units which could clog the xylem lumens
(Munns et al., 1993; Zhu and Zhang, 1997). However, the
ovalbumin solutions used by us were freshly prepared and
micro ﬁltered or centrifuged (in the case of Alexa con-
jugates) to remove protein aggregates before xylem perfu-
sion. Moreover, there was no microscopic evidence of large
protein aggregates in the lumens of xylem perfused with
ﬂuorescent albumin. Although aggregation of ovalbumin
within the xylem, or indeed, of endogenous sap proteins
under natural conditions, cannot be completely ruled out, it
is noteworthy that such occurrences would further increase
the probability of protein induced ﬂow reductions.
A strong argument in support of the hypothesis that pit
membrane fouling by sap proteins will also occur under
natural conditions is that the responses to xylem perfusion
with ovalbumin solution were established within minutes in
the laboratory assays. The degree to which endogenous sap
proteins may reduce whole plant hydraulic conductance
under natural conditions will be inﬂuenced by the concen-
tration in the sap of large proteins with molecular diameters
>5 nm, the diurnally changing rates of sap ﬂow and, most
importantly, the seasonal duration of sap ﬂow (months
rather than minutes). Thus, the eventual occurrence of
a physical reduction of xylem hydraulic conductance by the
endogenous sap proteins appears likely because of the
extended time during which sap with dissolved proteins will
necessarily ﬂow through the xylem pit membranes.
A conﬁrmatory demonstration of the in planta accumula-
tion of endogenous xylem sap proteins at pit membranes is
clearly of interest and future research directions could
include (i) The development of methods for assaying time-
related increases in the accumulation of endogenous sap
proteins at the pit membranes. Albeit, these membranes
consist of primary cell wall material and the presence of
basal levels of intrinsic cell wall proteins (Albenne et al.,
2009) may complicate such measurements. (ii) Investiga-
tions of possible correlations between engineered or species
related differences in endogenous sap protein concentra-
tions, pit membrane thicknesses (Jansen et al., 2009)a n d
xylem water transport. (iii) Investigations of the possibility
that protein fouling is involved in age-related reductions in
the hydraulic conductance of leaf blade junctions that were
measured, from the base up, over a period of weeks and
accompanied sequential onset of leaf senescence in whole
plants (Neumann and Stein, 1984; Neumann, 1987). These
or other approaches should help to further establish the
magnitude of pit membrane fouling caused by sap proteins
under natural conditions.
In conclusion, proteins and traces of polysaccharides are
the only colloidal polymers consistently transported in the
xylem sap of plants. To the best of our knowledge this is the
ﬁrst report to establish the principle that a water-soluble
protein midway along the size range of the proteins found
naturally in xylem sap, can reduce xylem hydraulic conduc-
tance in both herbaceous and woody plants. The reduction
of xylem conductance has previously been associated with
important whole-plant responses such as leaf growth re-
duction, stomatal closure, leaf senescence, wilting, limits to
maximum tree height (Koch et al., 2004), and drought
survival (McDowell et al., 2008).
Although the magnitude of protein effects on in planta
hydraulic conductance still needs to be researched, the
potential for physical limitation of xylem ﬂow by endogenous
sap proteins should be added to the list of adverse effects on
xylem conductance already assigned to nutrient-ion interac-
tions with pit membrane hydrogels (Zwieniecki et al.,2 0 0 1 ;
Van Ieperen, 2007), xylem embolisms (Tyree and Sperry,
1989), biotic invasion of the xylem (Opalka et al.,1998; Perez-
Donoso et al.,2 0 0 7 ), and regulated changes in the water
conductivity of the aquaporins in plant roots (Lu and
Neumann, 1999; Bramley et al.,2 0 0 9 ; Ehlert et al.,2 0 0 9 ).
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